Grinding of minerals for particle size reduction and liberation is a prerequisite for successful mineral flotation separation and powder modification. Different grinding media produce mineral particles with different physical morphology and surface chemistry properties. Different mill particles expose different proportions of cleavage surfaces which lead to different shape indexes and different surface reactivities to organics, such as collector. Rod mill produces scheelite particles with a higher exposure of more reactive {101} surface that are beneficial for a stronger interaction with collector. More exposure of {101} surface also causes the rod mill particles to possess such values as larger elongation and flatness that are essential for particles attachment to air bubbles by shortening the induction time. The rod mill particles have a lower critical surface tension, greater hydrophobicity and a better flotation recovery when treated with the collector. In addition, the rod mill particles with a narrow particle size distribution have a smaller specific surface area, so the full monolayer adsorption of the collector on their surfaces can be achieved at a relatively lower concentration. These findings will help establish the relation between the particle surface physicochemistry and wettability, hence providing valuable guidance for the optimization of flotation separation and powder modification technology.
Introduction
Size reduction by mechanical comminution (i.e., crushing and grinding) is an indispensable process in many fields, such as the field of mineral processing, metallurgical, power and chemical industries [1] , etc. However, this process consumes such a considerable amount of energy that it becomes the heaviest energy consumption unit in many industries [2] . For example, in the field of mineral processing, comminution of run-of-mine consumes 70% of the total energy [3] . Therefore, optimizing the process of crushing and grinding is of great significance for achieving energy-saving and cost-reducing in minerals processing.
Mineral processing is a predominant technology used to fulfill the enrichment of valuable minerals from coexisted (undesired) gangue minerals and then, provides raw materials for the following metallurgical operation [4] . During this process, minerals first go through crushing and grinding for particle size reduction and sufficient mineral liberation before separation operations [5, 6] . Conventionally speaking, there are primarily two ways for separation: gravity separation and flotation separation. Gravity separation is used when both the valuable minerals and gangues are coarsely grained in ore deposits and the density between them features a significant distinction. In this process, the rod mill is commonly employed to break preferentially coarser particles, produce more uniform particle products and avoid overgrinding [7] [8] [9] . In gravity separation, the valuable minerals and gangues have different movement speeds and trajectories in the equipment, such as jigging, dense medium cyclone and centrifuge, thus leading to the successful separation. But with the ever increasing demands for processing the low-grade, fine-grained and disseminated ores, the flotation separation has been increasingly employed as a complementary or substitute method for gravity separation [10] . Flotation is a separation method based on the differences in wettability at particle surfaces after being treated with surfactants, during which sufficient liberation of the fine-grained minerals is the key factor for a successful separation. Compared with the rod mill under the same energy consumption, the ball mill is more beneficial for the production of finer particle products [11] .
Different grinding methods possess different breakage mechanisms and accordingly, produce particles with different shapes or morphologies [12] . For the rod mill, line loads are exerted on the mineral particles, and the predominant breaking forces are the impact which can produce particles with sharp edges [13] . In contrast, the ball mill imposes point loads on the particles, so that the main forces are abrasion and chipping which can trim off the corners and sharp edges of particles efficiently [14, 15] . Mill particles with different shapes always exhibit different gravity or flotation behavior. The research group led by Yekeler from Cumhuriyet University found that compared with the ball mill particles, the rod mill ones provide a more elongated and smoother surface, thus performing a better floatability [16] [17] [18] [19] . This phenomenon can be explained by the higher attachment efficiency of the elongated particle to the air bubbles through accelerating the rupture of the surrounding liquid film and shortening the induction time [20, 21] . Recently, Xia [22] has systematically reviewed the role of particle shape in mineral floatability, and concluded that the particles with shape far away from sphere own an increasing surface hydrophobicity and floatability. Moreover, the coverage of collector on irregular particle surface is conducive to the stability of the three-phrase contact line and hence increasing the flotation recovery.
The grinding environments also play a considerable role on the surface properties and flotation behavior of the ground particles. Feng and Alrichv [23] indicated that more microstructural defects found in the dry ground samples can serve as the active sites to accelerate the adsorption of collector, while smoother and cleaner surfaces are found in the wet mill particles. Recently, the spodumene samples were also ground using dry and wet mills by Zhu et al. [24] and Xu et al. [25] . The separate research groups independently found that more {110} and {100} surfaces are exposed for the wet mill particles while more {010} exposed for the dry mill ones. The wet mill particles are more hydrophobic when treated with collector and accordingly, obtain a better flotation recovery.
Scheelite CaWO 4 is the most prominent mineral source for tungsten which is of great importance in many other fields like electronic information, aerospace and military [26] . The above two separation methods have been used to enrich the scheelite from gangue minerals for a long time [27] [28] [29] . In Xingluokeng Tungsten Ore (Fujian, China), the ore deposit mainly belongs to the scheelite-feldspar-quartz type. Because of the coarsely grained characteristics and distinct density differences between scheelite and gangues, the rod mill has been employed to achieve mineral liberation prior to the gravity separation. However, with the continuous consumption of the high-grade ore, the scheelite has become much more finegrained. Thus, the gravity separation was proved to be less efficient in recent years, and a regrinding-flotation process after gravity separation was investigated to improve the comprehensive recovery of scheelite.
Unlike the Xingluokeng ore, the scheelite deposit in Shizhuyuan Ore (Hunan, China) mainly belongs to the scheelite-calcite-fluorite-grossularite type with a very fine-grained characteristic. Furthermore, due to the similar specific gravity between sheelite and grossularite, and similar physicochemical properties between scheelite and calcite and fluorite [30] , the flotation method is therefore, the dominant process to recover the sheelite. Naturally, the ball mill is used to liberate the scheelite particles [31] .
In the past 2 years, our group prepared a novel metal-organic complex, i.e., lead-benzohydroxamic acid (BHA) complex. This complex, as a collector, was successfully applied to the selective flotation of scheelite from gangues in Shizhuyuan Ore, leading to a significant increase in the comprehensive recovery of WO 3 by 8-10% [32, 33] . However, when we used this complex in Xingluokeng Ore, some obvious differences in the flotation behavior and recovery of scheelite were observed compared with those in Shizhuyuan Ore. We thought that the differences were mainly caused by the different mill media and ore type.
In this chapter, the surface properties and flotation behavior of scheelite particles produced by ball and rod mills were studied through single mineral flotation experiment, scanning electron microscopy (SEM) observation, wettability measurement, and X-ray diffraction (XRD) test. These results will help establish the relation between the particle surface properties and the grinding media, hence providing guidance for optimizing flotation separation.
Experimental procedures 2.1. Materials and reagents
Representative samples of pure scheelite crystals were collected from the Huili mine, Sichuan, China. The chemical analysis of samples confirmed that the scheelite samples were over 98% pure.
Chemically pure benzohydroxamic acid (BHA) (above 98% purity) was purchased from Tokyo Chemical Industry. Lead nitrate with 99% purity was purchased from Tianjin Kermil Chemical Reagents. The pH of solution was adjusted with sodium hydroxide (NaOH) or hydrochloric acid (HCl) stock solutions. Deionized (DI) water with a resistivity of over 18 MΩ Â cm was used throughout the experiments.
Methods

Grinding tests
Representative samples of pure scheelite crystal samples ( Figure 1a) were first crushed from a diameter of 40-5 mm using the JC6 jaw crusher (Beijing Grinder Instrument Equipment Co., Ltd.). Then the crushed samples were ground by ball and rod mills. The grinding tests were operated using the 146 Â 200 mm laboratory size mill (Figure 1b ).
For the ball mill, corundum balls with diameters of 21, 16 and 12 mm were used as grinding media. For the rod mill, corundum rods of 15 and 11 mm in diameter and 15 cm in length were used. Scheelite samples with a total mass of 200 g were fed into the mill and ground for 30 s each run to prevent over-grinding. After a run, the ground products were sieved by a standard screen with a pore size of 74 μm (200 mesh). The oversize particles were returned to the mill for the next run, while the products under the screen were collected for further sieving to obtain particles in the size fraction of À74 + 38 μm (the size of the particle is between 38 and 74 μm). The samples with required size were rinsed with Deionized (DI) water and dried at the temperature of 60 C. The surface area measurement (BET) indicated that the special surface areas of the ball and rod mill particles are 0.040 and 0.027 m 2 /g, respectively.
Particle shape characterization by SEM
The shape characterization of milled particles was imaged by the JSM-6490LV SEM instrument. Assuming that the projection of the particles had the ellipse-like shape [17] , the imaged micrographs were analyzed using CorelDrawÂ4 software to measure the length (L) and width (W) of the particles. As shown in Figure 2 , the particles without overlapping nor border out of the picture were chosen. For each particle, the mean value of the five liner lengths and widths were taken as the real length (L) and width (W), respectively [16, 17] . Then more than 200 particles were measured and the L and W of the particle groups were calculated by averaging all value of the chosen particles.
Based on the ellipse-like shape assumption, Eqs. (1) and (2) were used to calculate the area (A) and perimeter (P), respectively. With the values of L, W, A and P, the four shape factors, namely the roundness (Ro), flatness (F), elongation (E) and relative width (RW), were calculated using Eqs. (3)- (6) .
It should be noted that the maximum value of the roundness is 1.0 for a circle, while the flatness has a minimum of 1.0 for a circle.
X-ray diffraction (XRD) measurement
X-ray diffractometer (D8-ADVANCE Bruker-AKS) was run in the reflection mode with Cu Kαradiation (λ = 1.5406, tube potential of 40 mV, and tube current of 40 mA), and at a goniometer speed of 4 /min. It is important that the samples were randomly oriented during the sample preparation process.
Wettability measurement
To measure the wettability of nubby samples, the sessile drop technique [34] and the captive bubble method [35] have been widely used, while as for powder samples, the Washburn method [36] and the flotation method [37] were employed. In this study, the flotation method was employed to investigate the wettability of the milled particles treated by the activator and collector. This method is based on the assumption that the flotation recovery of the minerals decreases with the decrease in the surface tension (γ) of the solution [38] . Therefore, methanol solution with different concentrations were used as the flotation media and 2.0 g of samples was conditioned by 1 Â 10 À4 mol/L lead nitrate and 1 Â 10 À4 mol/L BHA. After 3 min of flotation at pH 9 (an industrially preferred pH for effective scheelite flotation), the froth concentrates and tailings were filtered, dried and weighted to calculate the flotation recovery.
Moreover, the advancing contact angle of the commonly exposed cleavage surfaces of scheelite (the {101} and {001} surfaces) was measured by the sessile-drop technology using a goniometer (GBX, France) at 20 C and ambient relative humidity of about 50%. The accuracy of the measurements was approximately AE2 . Firstly, and the prepared sample surfaces were immersed in the surfactant solution with desired concentration under gentle agitation for 30 min, then gently washed with distilled water and vacuum dried at 50 C for 15 min. Then a water drop of about 3.5 μL was placed on the sample surface and the readings of contact angles were taken automatically on the left and right sides of the water droplet profile by computer software. The height of the drop is dependent on the wettability of the scheelite sample surface. Ten readings of contact angle were taken on each drop within 1 min after placing the drop, and the contact angle commonly reaches a stationary value (the equilibrium contact angle) after 30 s. At least three drops were measured and the mean value was taken as the real advancing contact angel for each crystal surface after treated with a certain concentration of collector [39] [40] [41] .
Micro-flotation test
Micro-flotation tests were carried out in an XFG flotation machine with a 40 mL plexiglass cell, at an impeller speed of 1650 rpm. The mineral suspension was prepared by adding 2.0 g of minerals and 36 mL DI water into the flotation cell and agitated for 2 min, followed by the adjustment of pH using NaOH or HCl for 2 min. Then the reagents were added in following orders: (1) the lead nitrate as the activator (2) the BHA as the collector; (3) 25 μL/L (i.e., adding 25 μL frother into 1 L mineral suspension) terpineol as the frother. Once the desired reagent was added, the suspension was agitated for 3 min. The stable pH value was recorded before the flotation. The flotation process lasted for 3 min before the flotation products were collected, filtered, dried and weighted. The flotation recovery was calculated using the weight of the dry products.
Results and discussions
Shape indexes of scheelite particles by different mills
The shape characterization of both the ball and rod mill particles was determined using 2D shape analysis (SEM method), and the mean values of the main shape indexes calculated according to Eqs. (1)-(6) are listed in Table 1 . In addition, the distribution of the roundness and the elongation were calculated and shown in Figure 3 .
Furthermore, the Statistical Product and Service Solutions (SPSS) software and the "twosample t-test" were applied to the study of shape index (flatness, roundness, elongation and relative width) differences of the products produced by the ball and rod mills. The values of the shape indexes were compared pair-wise for any statistically significant differences at the 95% confidence interval with the results listed in Table 1 . Table 1 , the rod mill particles have higher values of elongation (E) and flatness (F), while the ball mill particles possess larger values of roundness (R) and relative width (RW).
As shown in
Since all values at the column of "Sig. (2-side)" listed in Table 2 are less than 0.05, a significant difference between the ball and rod mill scheelite products with a confidence interval of 95% is inferred [42] . It was noted from the literature that the 2D shape data is used to reproduce the crucial shape characteristics of the real 3D shape indexes when the measured particles number is greater than 200 [43] [44] [45] [46] [47] . Therefore it is worth mentioning here that the shape indexes obtained in this study are reliable. Abrasive Technology -Characteristics and Applications SEM pictures in Figure 4 show that the ball mill particles are more rounded while the rod mill particles are more elongated with more sharp edges. Those differences in the shape indexes between the ball and rod mill particles could be explained by the fact that breakage mechanism determines particle shape in all comminution equipment. The rod mill exercises line loads on the particles and the dominant breakage mechanism is the impact, during which the sharp edges are created, turning the particle to become more elongated [13] . Whereas the ball mill exerts point loads on the particles, and the predominant breaking forces are abrasion and chipping, which could eliminate the corners and sharp edges of the particles, turning them to become more rounded [14, 15] .
XRD measurement results
Previous literatures reported that the relative exposure proportion of different crystal surfaces changes when the grinding environment varied [24, 25] . Previous publications revealed that the exposure of crystal surfaces of scheelite particles follows the order {112}, {101} and {001} [48] [49] [50] [51] . The schematic of the commonly exposed surfaces of scheelite crystal particles can be found in Figure 5 . In this work, the XRD measurements were conducted to investigate the exposure of different crystal surfaces in the two mill products, and the results are shown in Figure 6 .
The relative intensity of a maxima (or peak) in the spectrum is believed to represent the relative exposure proportion of the crystal surfaces in the particulate samples [52, 53] . shows the same trend of the exposure of three main crystal surfaces of scheelite as Figure 5 . Moreover, the {112} surface is the most abundant plane, and the intensity of the {112} surface is nearly the same for both mill products. In this case, the exposure proportion of {112} surface in the mill products is assumed as 100%. Accordingly, the relative proportions of the {101} plane in ball and rod mill samples are calculated to be 71.9% and 87.7%, respectively, while for the {001} planes, 44.4% and 33.8% respectively. The ball mill samples expose more {001} surfaces while the rod mill samples show more {101} surfaces. It is also interesting to mention that, from the Figure 5 , more exposure of {001} surfaces will lead to the decrease in the elongation and the increase in the roundness of scheelite particles, while more exposure of {101} surface will increase the elongation and reduce the roundness of scheelite particles. That is to say, ball mill particles with more {001} surfaces are of a higher Ro value smaller E value which was verified by the results in Table 1 .
It has been reported that every Ca atom on the scheelite {101} surface is fivefold-coordinated, while Ca on the {001} surface is sixfold-coordinated, as shown in Figure 7 . The Ca atom in bulk scheelite crystal is eightfold-coordinated to surrounding oxygens. Based on our early findings [40, 54] that the atom with more dangling bonds is more active, the Ca atom on the {101} surface is more active than that on {001} surface, and has a higher interaction strength with organics, such as oleate. The atomic simulation results showed that a larger adsorption energy Figure 5 . The schematic of the commonly exposed surfaces of original, ball and rod milled scheelite particles.
Abrasive Technology -Characteristics and Applications (À102 kJ/mol) of the oleate on the {101} surface was calculated while the adsorption energy was À93 kJ/mol for the oleate on the {001} surface [10] . Thus, it is tenable to infer that the rod mill products with relatively more {101} surface have stronger interaction with the collector and may possess a higher flotation recovery.
Wettability test results
The flotation method was used to investigate the wettability of both ball and rod mill particles. The experiments were conducted at pH 9 using 1 Â 10 À4 mol/L lead nitrate as the activator and 1 Â 10 À4 mol/L BHA as the collector at different concentration of the methanol solution. The critical surface tension (γ c ) of wetting was determined by plotting the percent recovery (R%) versus the surface tension of the methanol -water solutions (γ LA ), which gives a recovery R %=0atγ c = γ LA . The particles are wetted and cannot float when γ LA < γ c , indicating that the mineral with a lower γ c is more hydrophobic [55] . The γ LA of the methanol solution was measured by the Automatic Surface Tensiometer and the results are provided in Figure 8 .
And the flotation results are shown in Figure 9 . It shows that the γ c of the ball and rod mill particles are approximately 43 and 41 mN/m, respectively, indicating that the ball mill ones are more likely to be wetted while the rod mill ones are more hydrophobic, which may result in a higher floatability.
According to the XRD measurement results, in addition to {112} surface, the ball mill samples expose more {001} surfaces while the rod mill samples show more {101} surfaces, which means that the wettability of the ground particles may be influenced by the proportion of the exposed surfaces. Then the advancing contact angles of both the {001} and {101} crystal planes treated by the lead nitrate and the BHA were measured, and the results are shown in Figure 10 .I t demonstrates that the scheelite {101} surface has higher contact angles after being treated with the surfactants, meaning that {101} is more hydrophobic than {001} surface. From the above measurements, it can be concluded that the rod mill particles with more {101} surfaces exposed and a lower critical surface tension were more hydrophobic. As a result, the differences in wettability could influence the flotation behavior of these two different mill particles.
Micro-flotation experiment results
Micro-flotation experiments were conducted to study the flotability of the particles in the fraction of À74 + 38 μm that ground by the ball and rod mills. The flotation results, using different concentrations of BHA as collector at a pH of 9 AE 0.2, are provided in Figure 11 . Figure 11 shows that both the ball and rod mill particles have a similar trend of flotation recovery. The flotation recovery increases steadily with the increasing of BHA concentration till it reaches 4 Â 10 À4 mol/L for the rod mill particles and 6 Â 10 À4 mol/L for the ball mill ones, where the maximum recovery for both two samples are obtained at given concentrations of BHA, respectively. The maximum recovery may be caused by the monolayer adsorption of collector on the scheelite surfaces [56] . For the rod mill samples, it is easier to reach the monolayer adsorption because of the smaller specific surface area of 0.027 m 2 /g compared with that of 0.040 m 2 /g for the ball mill ones. Moreover, the flotation results, obtained at a pH of 6-11 are demonstrated in Figure 12 . Figure 12 shows that the recoveries of both milled particles follow a similar trend, but a higher recovery for the rod mill particles was observed.
It was also observed that the flotation recovery increases with the increasing pH of solution until it reaches the value of 9, where the maximum recovery is achieved for both milled particles [32] .
Therefore, it can be inferred from the micro-flotation results that the flotation behavior of the ball and rod mill particles is similar, while the rod mill ones have a better flotation performance than the ball mill ones. And the reason could be explained by the shape and the surface chemistry differences of scheelite particles ground by ball and rod mills. To begin with, the rod mill particles expose more {101} surfaces, on which the Ca sites are more reactive, resulting in a stronger interaction of collector with the rod mill particles and a better floatation performance. In addition, the wettability measurements show that the ball mill scheelite, with higher critical surface tension and more {001} surfaces, may have relatively lower contact angles and may be more likely to get wetted during the flotation process. Secondly, the rod mill particles, with a lower specific area and larger elongation, are more easily attached to the air bubbles than the rounded ones. This can be attributed to the sharp edges of elongated particles, which are conducive for rupturing the water film at the mineral/solution interface and help shorten the attachment time, leading to the improvement of the collision efficiency and flotation recovery. 
Conclusions
In this work, the morphology and the surface properties of the scheelite particles with a size of À74+38μm produced by ball and rod mills were studied through SEM observation, XRD analysis, wettability measurement, and single mineral flotation experiment. The flotation results revealed that the rod mill particles are much easier to achieve a monolayer adsorption of collector and hence have a higher flotation recovery compared to the ball mill ones which can be explained from both physical and chemical points of view. The XRD spectrums showed that minerals particles obtained from ball and rod mill have similar expose intensity of abundant {112} surface. However, the rod mill particles have more {101} surface exposed with more reactive Ca atoms while more {001} surface is exposed for the ball mill particles. Moreover, more exposure of {001} surfaces will lead to the decrease in the elongation and the increase in the roundness of scheelite ball mill particles, while more exposure of {101} surface will increase the elongation and reduce the roundness of scheelite rod mill particles. Those discussions were verified by the SEM observations and shape indexes distribution calculation. The contact angles of {101} surface are larger than that of the {001} surface after being treated with the collector, indicating that the rod mill particles with more exposed {101} surfaces possess a higher hydrophobicity. The wettability measurements indicated that the values of the critical surface tension (γ c , a measure of surface tension) are 41 and 43 mN/m for the rod and ball mill particles treated with collector, respectively. The rod mill particles with more exposure of reactive {101} surfaces and higher elongation have stronger attachment to collectors and air bubbles, and hence a higher hydrophobicity and flotation recovery in the presence of collector.
